In this study, a novel bio-based flame retardant material consisting of modified vanillin and poly(lactic acid) (PLA) was developed by incorporation of newly discovered additive, bis(5-formyl-2-methoxyphenyl) phenylphosphonate (VP), into the PLA matrix. The chemical structure of VP was confirmed by without sacrificing tensile strength. In an effort to understand the mechanisms, TGA-FTIR, TGA and SEM were performed. This paper suggests a new possibility to prepare polymeric composites with enhanced flame retardancy from sustainable resources.
Introduction
In recent years, the shortage of fossil resources and environmental pollution caused by plastics has attracted more and more attention. Much effort has been made to nd replacements for petroleum-based polymer materials.
1 Among those polymers, poly(lactic acid) (PLA) is a promising candidate due to its excellent mechanical and optical properties as well as its being a renewable resource. Lactic acid, which is the raw material of PLA, can be produced from biomass like corn, sugarcane, sugar beet and cassava.
2 PLA is widely used in medical components, packaging materials, automotive and electrical components as well as in households. [3] [4] [5] [6] [7] [8] [9] However, like most of polyesters, PLA is highly inammable. The low ame resistance has limited its broadened application elds and causes also a potential re risk.
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By now, tremendous investigations have been done aiming to enhance the ame resistance of PLA. Among them, nanoparticles and phosphorus containing compounds have attracted more and more attention. Polymer composites based on montmorillonite (MMT), [11] [12] [13] layered double hydroxide (LDH), [14] [15] [16] [17] graphene, 18, 19 molybdenum disulde (MoS 2 ) 20 and carbon nanotubes (CNTs) 21, 22 etc. showed promising ame retardant performance. In the meantime, many polymer nanocomposites possess notable improvement in some mechanical properties. However, the high brittleness of PLA is still an unavoidable drawback. 23, 24 The inherent rigidity of PLA need to be modied to fulll the demand of spread application.
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Phosphorus containing ame retardants are well recognized for their advantages of low toxicity, low corrosion and good re resistance performance. Great variety of phosphorus containing ame retardants has been developed and commercialized, such as ammonium polyphosphate (APP), resorcinol bis (diphenyl phosphate) (RDP), metal phosphinates and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), etc. However, most of the ame retardants are products of the petrochemical industry. With the growing concerns over environmental issues and depletion of fossil resource, many efforts have been done to prepare bio-based ame retardants from sustainable feedstocks, such as starch, 28, 29 cellulose, 30 chitosan, 13 cyclodextrin, 31 lignin, 32-34 cardanol 35 and phytic acid, 34, 36 etc. Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the major component of the extract of vanilla beans and widely used as avoring in foods, beverages, cosmetics and pharmaceuticals. It has been found that vanillin possesses the antioxidant property and thus can be used as additives or building blocks for functional polymer composites. 37, 38 Besides the direct harvesting from vanilla plants, vanillin can also be produced from lignin, which is the primary component of woody plants. 39 The rst industrial production of vanillin is chemical depolymerization of lignin compounds in the waste sulte liquor which is a byproduct of paper pulping. Nowadays, most of vanillin is produced directly from wood. The high sustainability and the fact that vanillin as the only bio-based aromatics produced from lignin at industrial scale, make vanillin a promising renewable feedstock.
40
In this work, a novel ame retardant, bis(5-formyl-2-methoxyphenyl) phenylphosphonate (VP), was synthesized based on vanillin and characterized by 1 H-, 13 C-and 31 P NMR as well as FTIR. PLA composites were prepared by means of melt compounding. The effect of VP on the thermal properties of PLA was investigated by TGA and DSC. Flame retardancy of PLA composites was determined via LOI, UL-94 and cone calorimeter test. In addition, the ame retardant mechanism was studied using TG-FTIR. The impact of VP on the mechanical properties of PLA was also investigated.
Materials and experimental

Materials
Poly(lactic acid), Ingeo Biopolymer 6202D was purchased from NatureWorks LLC. Vanillin (VA) was purchased from TCI Deutschland GmbH. Phenylphosphonic dichloride (PPDC, 90%), tetrahydrofuran, triethylamine (TEA) and sodium sulfate anhydrous were purchased from Sigma-Aldrich Corporation. All the materials were used without further purication.
Synthesis of bis(5-formyl-2-methoxyphenyl) phenylphosphonate (VP)
The synthesis path of VP was shown in Fig. 1 . In detail, 0.2 mol VA and 0.2 mol TEA were dissolved in 200 ml tetrahydrofuran in a three-neck ask with magnetic stirring. Then, phenylphosphonic dichloride (PPDC, 0.1 mol), which dissolved in 100 ml of tetrahydrofuran, was added into the ask dropwise in 2 h. The temperature was kept at 0-5 C with ice bath during the addition, and then aer removing the ice bath the mixture was stirred for another 5 h at room temperature, orange solution and white precipitates were produced. The white precipitates, trimethylamine hydrochloride salts, were ltered off. Then the solution was washed with water for 4-5 times and subsequently dried with sodium sulfate anhydrous. Aer removing the tetrahydrofuran by rotary evaporation, the resulting mixture was dried in a vacuum oven for 24 h at room temperature. Finally, yellow powder with a melting point of 95 C (determined by DSC) was successfully fabricated.
Preparation of PLA/VP composites
All the PLA composites were prepared by means of melt compounding with a Brabender plasticorder at 160 C with a rotation speed of 60 rpm for 6 min. Prior to processing, all the materials were dried in a vacuum oven at 40 C overnight.
The mixtures were aerward pelletized and injection molded into specimens for further measurements. PLA composites containing 1 wt%, 2 wt%, 5 wt% and 10 wt% of VP are denoted as PLA1VP, PLA2VP, PLA5VP and PLA10VP. For comparison, pure PLA and PLA composites containing 10 wt% of vanillin, denoted as PLA10VA, were prepared under the same processing condition owing to have the same processing and heat history.
Characterization techniques
Nuclear Magnetic Resonance (NMR) measurements were performed with a Bruker Avance III 500 spectrometer (Rheinstetten, Germany) operating at 500 MHz. D-Chloroform was used as the solvent and the solvent signal was used for internal calibration (CDCl 3 ( 1 H) ¼ 6.27 ppm).
The Fourier transform infrared spectroscopy spectra (FTIR) of samples were obtained using the BRUKER VERTEX 80 V spectrometer over the wavenumber range of 4000-600 cm À1 with a resolution of 4 cm À1 .
Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX) was observed via a microscope (Carl Zeiss SMT, Germany) to study the morphological features of PLA composites.
Thermogravimetry-Fourier transform infrared spectroscopy (TG-FTIR) was carried out using a thermogravimetric analyzer, TGA Q5000 (TA Instruments, USA) coupled with Fourier transform infrared spectrometer, Nicolet iS50 (Thermo Electron, USA) in the range between room temperature and 800 C at a heating rate of 10 K min À1 under nitrogen atmosphere. The FTIR spectra of evolved gaseous products were recorded in the range of 4000-600 cm À1 with a resolution of 4 cm À1 and averaging 8 scans.
Melt ow index (MFI) of composites was determined utilizing a Göttfert MI-4 according to DIN-ISO-1133-2005 at 170 C with a weight of 2.16 kg.
Limiting oxygen index (LOI) measurements were carried out with an oxygen index meter (FTT, UK) with the sample dimension of 130 Â 6.5 Â 3 mm 3 according to ASTM D2863-97.
A UL-94 vertical burning chamber was employed to fulll the UL-94 measurements with sample dimension of 130 Â 13 Â 3.2 , at least two samples were tested for each composite. Rheological behavior of the composites was evaluated utilizing an ARES rheometer (Rheometrics Scientic, USA) with the sample dimension diameter ¼ 20 mm and thickness ¼ 2 mm. Dynamic frequency sweep tests were carried out at 170 C with 10% strain in the frequency range of 0.1-100 rad s À1 .
Tensile tests have been done with a Zwick 1456 (model 1456, Z010, Ulm Germany) with crosshead speed 1 mm min À1 according to DIN EN ISO 527-2/1BA/1, and for each composition, at least 5 specimens were tested to establish reproducibility. Impact tests were performed on a pendulum impact tester (PSW 4J, Zwick, Germany) to determine the Charpy impact strength according to ISO 179/1eU with the specimen dimension of 80 Â 10 Â 4 mm 3 , and for each composition at least 10 specimens were tested. Prior to tests, all the specimens were stored in a desiccator for at least 48 hours and then carried out at 23 C and 50% humidity.
Results and discussion
Structural characterization of VP
The FTIR spectra of VA and VP are presented in Fig. 2 , are assigned to the protons of the benzene ring of vanillin structure. The chemical shis at 3.80 and 9.91 ppm correspond to the protons from the methoxy and aldehyde groups. 13 C-and 31 P-NMR spectra were summarized as ESI † and shown in S2. †
Thermal decomposition behavior
Thermogravimetric analysis (TGA) was employed to evaluate the thermal decomposition behavior of VA and VP, as well as their effect on the thermal stability of PLA and its composites. The thermal decomposition of VA, VP and PLA as well as PLA composites under a nitrogen atmosphere, was evaluated via TGA with the heating rate of 10 K min À1 . The resulting curves are shown in Fig. 4 . T 5% is usually considered as the initial decomposition temperature. The relative thermal stability of composites was evaluated by comparing T 20%, T max and the residual mass at 500 C. These detail data of VA and VP are summarized in S1. † Like many other food additives, vanillin is relatively more sensitive to heat than normal additives for thermoplastics. The TGA results showed that pure vanillin started to lose weight at around 80 C, and subsequently showed a T max of 175 C,
indicating that vanillin has a volatile nature. And this poor thermal stability led to the decomposition and evaporation of vanillin during the processing of its polymer composites. In comparison with pure vanillin, the thermal stability of the modied one, VP, was signicantly improved, T 5% and T max were shied from 124 and 175 C to 286 and 343 C, respectively. It showed dramatic improvements of more than 160 C.
Furthermore, the residue of VP at 500 C in a nitrogen atmosphere was around 30%. These properties made VP a considerable additive for plastic. The next step consisted in the evaluation of the effect of VP on the thermal oxidative decomposition of PLA. The relative thermal stabilities of the samples were compared by the value of T 5% , T 20% , T max as well as char residue at 500 C. TG curves of the samples are presented in Fig. 4(b) and (c). The corresponding data are summarized in Table 1 . As shown in Fig. 4(b) , there was only one degradation step for the pure PLA ranging from 300 to 400 C. As for the PLA/VA composite, the degradation obviously consisted of two steps. The rst step was from around 150 to 300 C and the weight loss in this stage was about 10%, which corresponded to the loading of vanillin in the composite. It can be also observed the slope of PLA/VA the temperature range 160 to 300 C was almost constant, indicating the weight loss was only corresponding to the evaporation of vanillin. Comparing with the TG plots from Fig. 4(a) , the onset temperature was higher than the initiation of the weight a T x% was the temperature at x% weight loss of the samples. T max was the temperature at the maximum rate of weight loss. Residue was the yield at 500 C. loss of VA. This should be due to that the PLA matrix was not melted until 160 C, and vanillin was completely released only when the sample was heated above its boiling temperature (285 C). Consequently, the thermal stability of PLA was decreased aer the introduction of VA.
In the case of PLA/VP composites, based on the results in Table 1 , the residue at 500 C remained at the same level, the differences were negligible. In the meantime, the value of T 20% of PLA1VP, PLA2VP, PLA5VP and PLA10VP were shied from 344 C of PLA to 350, 352, 357 and 357 C, respectively, while T max shied from 363 C of PLA to 366, 369, 373 and 380 C, respectively, indicating the thermal stability of polymer matrix was improved, even when the loading of VP was only 1%. The improvement was stronger as the loading of VP rose. However, another interesting result found in TG was that the value of T 5% of the samples reached the maximum when the loading of VP was 2%. It can be supposed that on one hand, the introduction of VP improved the thermal stability of PLA; on the other hand, VP decomposed at a lower temperature than PLA. The decomposition of VP was not noticeable when the loading was lower than 2%. However, as the samples were further heated, the interaction between VP and PLA occurred. Hence, T 20% and T max shied to a higher temperature as the loading of VP increased.
Fire behaviors LOI and UL-94. In this work, LOI and UL-94 were applied to evaluate the ammability of PLA composites. LOI is a quantitative method which shows the minimum oxygen concentration of an oxygen/nitrogen mixture to maintain the combustion of the sample, while the UL-94 measurements provide a qualitative classication. 44 The results of the LOI, UL-94 and MFI tests of PLA and PLA composites are summarized in Table 2 . Results showed that the LOI value of pure PLA was 21.4%, revealing that PLA was an easily ammable material. It was also observed that during the UL-94 tests, the samples were burned to the sample holder with intensive burning dripping behavior, as the cotton was ignited by the droplets. With 10 wt% of VA, some of the samples showed self-extinguishment in 10 seconds. However, the cotton under the samples was still ignited by the aming dripping, and the LOI value decreased from 21.4% of PLA to 19.5%. Reason for this result was that vanillin was ammable and volatile at high temperature, it was ignited more easily than PLA. By contrast, aer the introduction of VP, the samples showed a positive effect both in LOI and UL-94 tests. When the loading of VP was 5 wt% and 10 wt%, the LOI values of the composites were improved to 25.8% and 26.3%. Furthermore, both of the composites passed V-0 level in UL-94 tests, and the cotton was not ignited. It was due to the fact that the introduction of VA and VP had changed the melt ow behavior of PLA, evidenced by the signicant elevation of MFI ( Table 2 ). The ease of ow took heat away in large scale, 45 leading to better UL-94 results. Nevertheless, all the results suggested that VP provided good ame retardancy to PLA.
Cone calorimeter test (CCT). Cone calorimeter test (CCT) is one of the most efficient methods to predict the ame retardant properties of polymeric materials. Curves obtained from the CCT are presented in Fig. 5 and 6 , the corresponding characteristic parameters are collected in Table 3 , including time to , respectively. However, the TTI was 64 s, which was 4 s earlier than pure PLA. It could be explained by the volatile nature of vanillin. When the material was melted by heat radiation, vanillin was evaporated and then decomposed earlier than PLA into gaseous ammable products. Hence, the specimen was ignited faster than neat PLA. As shown in Fig. 5 , the HRR curves of pure PLA, PLA5VP and PLA10VA exhibited a similar pattern. Aer the ignition, the heat release increased fast and continuously to the peak, suggesting that the ame spread rapidly into the surface of the entire specimen. The broad peak indicated that the combustion consumed all the material without any inhibition, corresponding to the slow decreasing of HRR aer the peaks. Interestingly, the HRR of PLA10VP grew rapidly to the peak aer the ignition and decreased immediately from 292 kW m À2 to around 200 kW m À2 . The reason of that was due to the decomposition of VP, which simultaneously provide combustible gas products and phosphorus containing segments. The combustible products were ignited and contributed to the strong release of heat. And immediately the combustion was suppressed by the phosphorus containing segments due to the radical capture effect. As a consequence, the HRR of PLA10VP exhibited a sharp peak direct aer the ignition due to the evolved phosphor containing radical scavenger. When all these products were consumed, the combustion behavior of the rest specimen was similar like pure PLA, showing broad peak until all the material was burned off. Hence, it can be concluded that the incorporation of VP can signicantly reduce and delay the heat release in PLA composites. As mentioned before, although the introduction of both VA and VP can reduce the THR of specimens in comparison with pure PLA, the reduction was not that distinct. However, in 6 (a) more obvious difference of the development of THR could be found: the curve of PLA10VP was almost linear and its slope was much lower than that of other curves, indicating that the combustion of PLA10VP was much slower. Hence, its THR at the same time aer the beginning of measurement was also much lower than that of other samples. This result also matched with the curves of mass loss of the samples based on Fig. 6(b) . The mass loss rate of PLA10VP kept almost constant and was much slower than that of other samples.
Considering the few residues remaining aer the CCT (Table  3) , it was unlikely that those residues could act as a barrier or protective layer to reduce the heat release. So the action in gaseous phase should mainly contribute to the ame retardant property of the PLA composites. The release of gaseous products and smoke were very important parameters to estimate the combustion behavior of materials. The total smoke production (TSP) and the ratio of CO/CO 2 are presented in Fig. 6(c) and (d) . It can be seen from Fig. 6(d) , the intensity of the rst peak of pure PLA was around 0.03, while that of PLA5VP and PLA10VP was around 0.08 and 0.13 respectively. It was considered to be associated with the radical scavenger effect of phosphorus containing products evolved by VP, which led to incomplete combustion of the samples. The double peaks at the beginning of the curve of PLA10VA could be explained by the earlier ignition of the volatile vanillin and its acceleration effect on the ignition of PLA. Analysis of evolved gaseous products. To further understand the decomposition and ame retardant mechanism, TGA-FTIR was employed to study the evolved gaseous products. The 3-D images and FTIR spectra of involved products for PLA and PLA10VP are shown in Fig. 7 . The thermal degradation process of PLA has been intensively studied by many researchers.
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According to the results, the main gas products from degradation products of PLA were water (3577 cm À1 ), hydrocarbons ). An obvious decreasing at 1238 cm À1 (related to C-O stretching) for PLA10VP was observed.
In addition, the total absorbance of PLA was also stronger than that of PLA10VP, indicating that the incorporation of VP led to an overall reduction of evolved gaseous products. Furthermore, as can be seen in Fig. 7(e) , two bands at 1266 and 1284 cm À1 appeared, which could be assigned to P-C and P]O, respectively. This could be the reason for the reduction of C-O containing products evolved. The phosphorus containing compounds was considered to be able to accelerate the radical reactions especially at high temperature.
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Rheological properties
The rheological performance of PLA and PLA composites are presented in Fig. 8 . The complex viscosity of neat PLA presented low dependency in lower frequency range. A Newtonian plateau was obtained in the range 0.1-10 rad s À1 , while a slight shear thinning behavior was observed at higher shear rate. The complex viscosity gradually decreased with rising VP loading, indicating that VP possessed remarkable plasticization effect for PLA. For PLA10VP, the complex viscosity was reduced by more than an order of magnitude. In addition, the Newtonian Fig. 9 Tensile test curves of PLA and PLA composites. plateau was extended to high frequency range, almost no shear thinning behavior was observed. For all the samples, G 00 was overall higher than G 0 , indicating that the samples were more viscous than elastic. Comparing with neat PLA, both G 0 and G 00 of composites were declined with increasing VP loading. In case of PLA10VP, G 00 decreased by two over the entire frequency range, while such notable difference in G 0 only observed at higher shear rate. In summary, the lubricant effect of VP led to the decrement of strength provided by the entanglements of PLA chain, thereby reducing the melt viscosity and enhancing the processability of PLA. Since the dripping behavior could be considered as a low shear rate phenomenon, the results of rheological measurements further supported the results obtain in LOI and UL-94 tests.
Mechanical properties
When developing a new functional additive for polymeric materials (in this work, ame retardant), it is also necessary to evaluate the impact of incorporating this additive to other properties of the nal composites. The stress-strain curves of PLA and PLA composites are shown in Fig. 9 , and the results of Young's modulus, tensile strength and elongation at break are summarized in Table 4 . It is widely known that PLA is a stiff thermoplastic polymer. Based on the results, pure PLA exhibited a high rigidity (3700 AE 100 MPa), a high tensile strength (57 AE 1 MPa) and a low elongation at break (3 AE 1%). Despite the introduction of VA improved slightly the elongation at break to 4 AE 2%, some mechanical properties were notably deteriorated: the Young's modulus decreased to 2900 AE 100 MPa while the tensile strength declined to 42 AE 1 MPa. In case of PLA/VP composites, comparing the signicant improvement of elongation at break of PLA/VP composites (11 AE 3% for PLA5VP), the decreasing of tensile strength and Young's modulus was negligible. In contrast, the introduction of some molecular additives led to increase of the impact resistance of PLA. The impact strength of PLA10VA, PLA5VP and PLA10VP was improved from 16 AE 2 kJ m À2 of PLA to 17 AE 3, 18 AE 3 and 19 AE 2 kJ m À2 , respectively.
This result can be explained by the lubricant effect of the ller, which enhanced the chain mobility of PLA.
As the SEM results of the samples showed (S3 †), the particle size of VA was much bigger than that of VP due to the intermolecular hydrogen bonding. So the plasticization effect of VP to PLA was better than that of VA. In the meantime, the agglomeration caused stress concentration in composites. It can be seen from the specimens aer tensile tests that the microcracks of PLA/VA specimens were more random and developed from the edge to the middle of specimens, and most of the cracks crossed less than 1/4 of the specimen's width (shown in S4 †). By contrast, the microcracks of PLA/VP specimens were ner and most of them crossed the specimen's width. The cracks developed from the breakage to both ends of the specimens. This phenomenon indicated that the stress transfer across specimens was much better in PLA/VP composites due to the homogeneous structure. This was in good agreement with the better dispersion of VP observed in SEM. Consequently, llers had a plasticization effect, which caused decreasing of stiffness and improvement of elongation at break. In the meantime, the agglomeration of ller could also cause deterioration of various mechanical properties. Hence, as the loading of VP rose, there was more chance that agglomeration formed, so the elongation at break of samples decreased. Nevertheless, VP could signicantly improve the elongation of PLA with similar tensile strength.
Conclusion
In this work, a novel bio-based ame retardant for PLA was successfully synthesized from vanillin and characterized via NMR and FTIR. With only 5 wt% loading of VP, PLA passed UL-94 V-0 classication and the LOI value increased from 21.4% to 25.8%. As the loading increased to 10 wt%, LOI value was further improved to 26.3%. An obvious quenching effect was observed in the cone calorimeter test. The PHRR value was suppressed from 407 kW m À2 for neat PLA to 292 kW m
À2
. Besides, low char residue and signicant increase of CO release indicated that gas phase action was the main ame retardant mechanism. POc evolved from thermal decomposition of VP was considered to be responsible for the improvement of ame retardancy. Furthermore, the thermal stability of PLA was improved as the loading of VP increased. The reason was considered to be the antioxidant effect of vanillin segment. Additionally, PLA/VP composites exhibited remarkable improvement in elongation at break. With 5 wt% loading of VP, the elongation at break of PLA was enhanced from 3% to 11%.
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